. Recent studies have suggested that the enzyme, which was shown nearly 50 years ago to require iron (1, 2), contains a coupled dinuclear nonheme iron cluster (5), making MIOX the most recent addition to the nonheme diiron oxygenase͞oxidase family that also includes bacterial hydrocarbon hydroxylases (e.g., soluble methane monooxygenase), plant fatty acyl desaturases (e.g., stearoyl acyl carrier protein ⌬ 9 desaturase), and protein R2 of class I ribonucleotide reductase (R2) (6-10). Mössbauer and EPR spectra showed that treatment of recombinant Mus musculus MIOX isolated in its iron-free form from Escherichia coli with Fe(II) and O 2 leads to formation of an antiferromagnetically coupled diiron cluster in either the II͞III or III͞III oxidation state, depending on the O 2 ͞MIOX ratio and the presence or absence of a reductant (ascorbate or cysteine). Binding of MI was shown to perturb the spectra of both oxidation states in a manner consistent with direct coordination of the substrate to the cluster (5).
T
he ring-opening, glycol-cleaving, four-electron oxidation of myo-inositol (MI) to D-glucuronate (DG) by a single equivalent of dioxygen (Scheme 1) is catalyzed by MI oxygenase (MIOX) (1) (2) (3) (4) . Recent studies have suggested that the enzyme, which was shown nearly 50 years ago to require iron (1, 2) , contains a coupled dinuclear nonheme iron cluster (5) , making MIOX the most recent addition to the nonheme diiron oxygenase͞oxidase family that also includes bacterial hydrocarbon hydroxylases (e.g., soluble methane monooxygenase), plant fatty acyl desaturases (e.g., stearoyl acyl carrier protein ⌬ 9 desaturase), and protein R2 of class I ribonucleotide reductase (R2) (6) (7) (8) (9) (10) . Mössbauer and EPR spectra showed that treatment of recombinant Mus musculus MIOX isolated in its iron-free form from Escherichia coli with Fe(II) and O 2 leads to formation of an antiferromagnetically coupled diiron cluster in either the II͞III or III͞III oxidation state, depending on the O 2 ͞MIOX ratio and the presence or absence of a reductant (ascorbate or cysteine). Binding of MI was shown to perturb the spectra of both oxidation states in a manner consistent with direct coordination of the substrate to the cluster (5) .
All nonheme diiron oxygenases and oxidases characterized before MIOX activate O 2 with the II͞II oxidation state of the cofactor (11, 12) . For several of the reactions, (peroxo)diiron(III͞III) intermediates have been demonstrated. These complexes are generally proposed to undergo O-O-bond cleavage to generate high-valent iron complexes that cleave strong C-H or O-H bonds of their oxidation targets (8, (11) (12) (13) (14) . Indeed, the diiron(III͞IV) cluster, X (15, 16) , and the diiron(IV͞IV) cluster, Q (8, 13, 17) , have been directly characterized in the R2 and soluble methane monooxygenase reactions, respectively. In each of the previously characterized diiron-oxygenase͞oxidase reactions, a diiron(III͞III) ''product'' state of the cluster is generated at the end of the oxidation sequence. Subsequent events require reduction of the cluster back to the diiron(II͞II) state by additional proteins, with electrons provided ultimately by NAD(P)H. This redox cycling of the cofactor and provision of two electrons by the nicotinamide ''cosubstrate'' ensure that at most two electrons can be extracted from the substrate. The MIOX reaction, a four-electron oxidation, would seem to require a different mechanism.
Indeed, a recent study concluded that the mixed-valent, II͞III state of the cofactor, rather than the conventional II͞II state, activates O 2 for DG production in the MIOX reaction (4 6 -MI (H 6 -MI)] (4), and that this conversion is associated with a deuterium kinetic isotope effect ( 2 H-KIE) of Ն5. These results imply that G cleaves a C-H bond of the substrate in converting to H. The EPR properties of G and the fact that its formation is readily reversible are consistent with the previously postulated (superoxo)diiron(III͞III) formulation for the C-H cleaving complex. The data thus provide direct spectroscopic and kinetic evidence for C-H cleavage by a metal-superoxide enzyme intermediate, a phenomenon previously proposed on the basis of less direct kinetic and computational analyses to occur in the reactions of the uncoupled dicopper enzymes, dopamine ␤-monooxygenase and peptidyl glycine ␣-amidating monooxygenase (19, 20) .
Results

Stopped-Flow Absorption Evidence for a Substrate 2 H-KIE in the MIOX
Reaction. Studies have shown that the MIOX II/III ⅐MI complex exhibits both an absorption feature centered at 390 nm (4) and an axial g ϭ (1.95, 1.81, 1.81) EPR signal (5) . Mixing of the complex with limiting O 2 in the presence of excess substrate was shown to result in rapid decay and, subsequently, complete regeneration of both spectral features (4) . To test for a substrate 2 H-KIE on this reaction, the kinetics of the change in absorbance at 390 nm upon mixing of MIOX II/III ⅐D 6 -MI with limiting O 2 were compared with those for the H 6 -MI reaction (Fig. 1A) (Fig. 2 ) exhibit a set of three transient features in the 3,250-3,600 G region (Fig. 2B ) that were not previously detected in similar experiments with H 6 -MI (4). These features are indicative of a rhombic S ϭ 1͞2 spin system having effective g values of 2.05, 1.98, and 1.90. The rhombic signal develops rapidly, reaching maximum intensity within Ϸ25 ms under these conditions (excess, 0.95 mM O 2 ) and decays completely within a few hundred milliseconds as the g ϭ (1.92, 1.76, 1.54) signal of the previously detected intermediate, H, develops (marked in Fig. 2D ). The intensities of resolved features in the derivative EPR spectra allow the kinetics of the MIOX II/III ⅐D 6 -MI reactant, the g ϭ (2.05, 1.98, 1.90) intermediate, which we hereafter designate G, and H to be defined in relative terms (see Fig. 6 , which is published as supporting information on the PNAS web site). The kinetic data (Fig. 3) suggest that G is a precursor to H and imply that the first step in the kinetic mechanism previously used (4) to analyze the H 6 -MI reaction, conversion of MIOX II/III ⅐MI and O 2 to H, actually comprises two steps, formation of G from the reactants and decay of G to H (Scheme 1). In the H 6 -MI reaction, the second step is sufficiently rapid to have prevented detection of G (4), but the substrate 2 H-KIE allows G to accumulate to readily detectable levels under the same reaction conditions. The kinetic data for the D 6 -MI reaction can be simulated in terms of Scheme 1. The two crucial features of this kinetic mechanism are (i) a large substrate 2 H-KIE in conversion of G to H, which implies that G abstracts hydrogen from MI; and (ii) reversibility in formation of G from MIOX II/III ⅐MI and O 2 , which is indicated by the biphasic decay of MIOX II/III ⅐MI and the coincidence of the slow phase with decay of its successor, G. This reversibility is an important clue to the identity of G, as discussed in detail below.
Photolytic Lability of and Electron-Nuclear Hyperfine Coupling to 57 Fe in G. After trapping at Ϸ120 K, G is stable for at least a few weeks when stored in the dark in liquid nitrogen (77 K), but the intermediate is very light sensitive, even at 77 K (Fig. 4) . Exposure of a sample containing the intermediate (Fig. 4A ) to laboratory fluorescent light for Ϸ45 min at 77 K caused almost complete decay of the characteristic EPR signal (Fig. 4B ) without engendering any obvious new signal. The difference of the EPR spectra taken before and after light exposure (Fig. 4C , solid line) is thus the resolved spectrum of G. The spectrum of G obtained by repeating the photolysis experiment with a sample prepared with 57 Fe (Fig. 4D , solid line) shows hyperfine coupling to the I ϭ 1͞2 nuclei, demonstrating that G is, as expected, an iron complex. The EPR spectrum of 57 Fe-coupled G can be simulated (Fig. 4D , dotted line) by using the parameters obtained from simulation of the 56 Fe spectrum (Fig. 4C , dotted line) and isotropic hyperfine coupling tensors of Ϸ13 G and Ϸ25 G for the two 57 Fe nuclei.
Estimate for the 2 H-KIE on Decay of G.
To prove that the conversion of G to H involves abstraction of hydrogen from MI, it was deemed important to demonstrate formation of G also in the H 6 -MI reaction and to verify that the 2 H-KIE on decay of G is too large to be a secondary effect. To promote accumulation of G in the H 6 -MI reaction at a reaction time accessible by traditional FQ methodology, the reaction temperature was reduced to 0.5°C. The EPR features of G are just discernible in the spectrum of a 20-ms sample from the H 6 -MI reaction (Fig.  5A , red spectrum). They are, as expected, much less intense than in the spectrum of an equivalent sample from the D 6 -MI reaction (Fig. 5A, blue spectrum) . The g ϭ (1.92, 1.76, 1.54) signal of H (red arrows in Fig. 5 A and B) is correspondingly more intense in the spectrum of the H 6 -MI sample, confirming that the lesser accumulation of G results from its faster decay to H. Photolysis of the intermediate in both samples (Fig. 5B ) allowed the relative concentrations of G to be estimated from the difference spectra (Fig. 5C ). G accumulates in the H 6 -MI reaction only to 0.13 times its level in the D 6 -MI reaction at 20 ms under these conditions. Identical analysis of samples quenched at 43 ms (data not shown) showed that the ratio of [G] is even smaller (Ϸ0.03) at this longer reaction time. To estimate the 2 H-KIE on the G3H step from these observations, kinetic simulations for G in the H 6 -MI reaction were carried out according to Scheme 1, with only the rate constant of the G3H step varied (see Fig. 7 , which is published as supporting information on the PNAS web site). A 2 H-KIE of 2 n was assumed, with n varied in integer steps from 0 (black trace) to 5 (orange trace). The ratio of [G] in the two reactions was calculated as a function of time at each 2 H-KIE (solid lines). Under the assumption that the kinetics of the reaction are unchanged by reduction of the temperature from 5°C to 0.5°C, the experimental ratios of [G] (circular points) suggest a 2 H-KIE of between 8 (solid green trace) and 16 (solid purple trace). Under the more reasonable assumption that the rate constants at the lower temperature are smaller than but proportional to those at 5°C, meaning that any reaction time at 0.5°C effectively corresponds to a shorter reaction time at 5°C, a larger 2 H-KIE would be necessary to produce the observed ratios of [G] . More quantitative assessment of the 2 H-KIE will require delineation of the kinetics (as in Fig. 3 ) under conditions (e.g., lower temperature), favoring accumulation of G in the H 6 -MI reaction at reaction times that can be covered more effectively by FQ EPR. Nevertheless, the 2 H-KIE is sufficiently large (Ն5, taking into account errors inherent in the FQ EPR measurements) to conclude that it is primary and therefore that conversion of G to H involves abstraction of a carbon-bound hydron from MI. As the bond to C1 is the only C-H(D) bond that is obviously cleaved during the reaction, G most likely abstracts the hydron from C1.
Additional Evidence for Reversibility of G Formation. Fig. 5 6 -MI and D 6 -MI reactions), which is consistent with the prediction of Scheme 1. We note that Hamilton and coworkers (18) had reported larger C1-deuterium and -tritium KIEs of 2.1 and 7.5 on turnover of the pig kidney enzyme at 30°C. It is not clear whether differences between the kinetic mechanisms of pig kidney MIOX and our recombinant mouse enzyme or differences in the reaction conditions used are responsible for the observed difference in steady-state 2 H-KIE. Obviously, further structural characterization is required to determine the effective oxidation states of the two iron sites of G and which of the two formulations is most appropriate. Because its EPR properties are currently the only structural information available for G, it is appropriate to ask whether the g-tensor and 57 Fe hyperfine coupling are consistent with the favored (superoxo)diiron(III͞III) formulation. Such a complex would contain three paramagnetic centers, two high-spin Fe III ions (S ϭ 5͞2) and the superoxide radical anion (S ϭ 1͞2). The exchange interactions among them would determine the relative energies of the total spin states. The experimentally observed S ϭ 1͞2 ground state can be rationalized by assuming antiferromagnetic coupling between the two Fe III ions and between (among) the superoxide and the Fe III site(s) to which it binds. For coordination to only one Fe III (designated Fe A ), exchange coupling between the superoxide and the other Fe III (Fe B ) should be much smaller and negligible. As a consequence, the spin of Fe A would align antiparallel to those of the superoxide and Fe B , resulting in an S ϭ 1͞2 ground state. Alternatively, a bridging superoxide would yield two similar antiferromagnetic Fe III -superoxide exchange interactions, resulting in a spinfrustrated cluster. Under the assumption of equal exchange coupling of the two Fe III ions with the superoxide, an S ϭ 1͞2 ground state is predicted for J Fe-Fe Ͼ 0.25 ϫ J Fe-superoxide (Hamiltonian ϭ J S 1 ⅐S 2 ).
Discussion
In exchange-coupled systems such as that proposed for G, the g-tensors of the total spin states are linear combinations of the g-tensors of the individual paramagnetic centers (25) . The g-tensors of organic radicals and high-spin Fe III ions are generally less anisotropic than is observed for the ground state of G. However, quantum mechanical mixing of excited spin states with the S ϭ 1͞2 ground state increases g-anisotropy, as has been described for valence-localized high-spin diiron(II͞III) complexes (26) (27) (28) . For the hypothetical (superoxo)diiron(III͞III) complex, the extent of mixing would depend on the zero-field splitting parameters of the Fe III ions [D Fe(III) , (E͞D) Fe(III) ] and the energy gaps between the spin ground and excited states, which would be determined by the three J values. SpinHamiltonian simulations were conducted to assess whether the g-anisotropy observed for G is compatible with the proposed (superoxo)diiron(III͞III) formulation. In these simulations, the energies of the different spin states of the exchange-coupled system were calculated by diagonalization of the spinHamiltonian matrix with the following physically reasonable (fixed) were used to represent the bridged complex. For each parameter set, a ground state of S ϭ 1͞2 was verified and its g values were calculated from the Zeeman splitting of the two states. The experimentally observed g-anisotropy could be reproduced for both coordination modes. Thus, the rhombic EPR signal of G is consistent with the (superoxo)diiron(III͞III) formulation. The two modes of superoxide coordination would give rise to different hyperfine interactions of the electronic spin with the 57 Fe sites. The absolute magnitudes of the hyperfine interactions depend on the product of the intrinsic A-tensors, which are typically ϷϪ29 MHz (29) and almost isotropic for high-spin Fe III sites, and the spin-projection coefficients, c, of the two sites (25) . For the superoxide-bridged complex, the spin projection factors of the Fe III sites would be identical and relatively small, ϩ2͞3. ¶ For superoxide coordination only to Fe A , the coefficients would be c A Ϸ Ϫ14͞9 and c B Ϸ ϩ7͞3. The magnitude of the overall broadening of the EPR spectrum of G by 57 Fe (Fig. 4D) is incompatible with the small couplings predicted for the bridged complex (dashed trace) but compatible with the couplings predicted for the terminal complex (dotted trace). We therefore favor assignment of G as a (superoxo)diiron(III͞III) complex with either end-on ( 1 ) or side-on ( 2 ) coordination of the superoxide to a single Fe III . More definitive determination should be possible from electron-nuclear double-resonance spectroscopic experiments on 57 Fe-and 17 O-labeled G.
Possible Mechanisms of DG Production. We previously tentatively rationalized the significant changes to the EPR and Mössbauer spectra of the diiron(II͞III) cluster in MIOX caused by binding of MI in terms of an increase in the exchange coupling between the Fe ions (5). We postulated that substrate binding imparts a better mediator of superexchange than is provided by the protein in substrate-free MIOX II/III . We further speculated that the C1-oxygen of MI bridges the two irons as an alkoxide, on the grounds that this coordination mode could increase J, position the C1-H for abstraction by a diiron-oxygen adduct, and possibly activate the C1-H bond for cleavage. This hypothesis requires rigorous evaluation by structural methods (crystallography and electron-nuclear double-resonance spectroscopy). Moreover, knowledge of the manner of interaction of MI with the diiron cluster (if any) and the orientation of the substrate with respect to the cofactor would drastically limit mechanistic possibilities. With these caveats in mind, we nevertheless depict MI binding to the cluster via a C1-O bridge and envisage two main classes of possible mechanisms for conversion of G to the product complex, MIOX II/III ⅐DG (Scheme 2). Both classes would be initiated by abstraction of hydrogen, most likely as a hydrogen atom, from C1 (Scheme 2 A). The first class (Scheme 2B Upper) would involve formation of the 1-hydroperoxy-MI intermediate envisaged by Hamilton and coworkers (18) electron-nuclear double-resonance spectroscopy) and the nature of H (by additional kinetic experiments and spectroscopy), has been obtained. Regardless of the structural and mechanistic details, the spectroscopic and kinetic characterization of G reported here lends credence to the notion recently proposed for the uncoupled dicopper oxygenases, dopamine ␤-monooxygenase and peptidyl glycine ␣-amidating monooxygenase, that O 2 -derived metalloenzyme intermediates with intact O-O bonds (i.e., superoxide-level complexes) can cleave relatively strong C-H bonds (19, 20) . In the stopped-flow experiment, the buffer had been brought to equilibrium with air at 23°C and was mixed with an equal volume of the protein reactant solution. In the FQ EPR experiments, the buffer was brought to equilibrium with 1.05 atm of O 2 (1 atm ϭ 101.3 kPa) at either 0°C or 5°C and was mixed with 0.5 equivalent vol of the MIOX II/III ⅐MI reactant solution. The reaction temperature and reactant concentrations after mixing are given in the appropriate figure legend. In the calculation of reaction times for the FQ samples, a ''quench time'' of 0.015 s was added to the known transit time through the FQ reaction loop, as indicated by previous studies (34) . In each FQ EPR experiment, a control sample was prepared by freeze-quenching after a mix of the protein reactant with 2 vol O 2 -free buffer. Comparison of the spectrum of this control sample to that of an equivalently diluted but manually frozen sample of the reactant solution indicated an FQ ''packing factor'' of 0.55, which is in agreement with our previous studies (34) .
Materials and Methods
Materials
EPR Spectroscopy. The spectrometer has been described in ref. 34 . Spectra were acquired at the temperatures indicated in the figure legends with the following spectrometer settings: power, 20 mW; modulation amplitude, 10 G; acquisition time, 168 s; conversion time, 164 ms; and time constant, 164 ms. Simulations were carried out with the program SYMPHONIA (Bruker, Billerica, MA). Measurement of peak intensities is described in Supporting Text, which is published as supporting information on the PNAS web site. 
